To date, little is known about the unique contributions of specialized human DC subsets to protection against tuberculosis (TB). Here, we focus on the role of human plasmacytoid (p)DCs and myeloid (m)DCs in the immune response to the TB vaccine bacille CalmetteGuérin (BCG). Ex vivo DC subsets from human peripheral blood were purified and infected with BCG expressing GFP to distinguish between infected and noninfected cells. BDCA-1 + myeloid DCs were more susceptible than BDCA-3 + mDCs to BCG infection. Plasmacytoid DCs have poor phagocytic activity but are equipped with endocytic receptors and can be activated by bystander stimulation. Consequently, the mutual interaction of the two DC subsets in response to BCG was analyzed. We found that pDCs were activated by BCGinfected BDCA-1 + mDCs to upregulate maturation markers and to produce granzyme B, but not IFN-α. Reciprocally, the presence of activated pDCs enhanced mycobacterial growth control by infected mDCs and increased IL-1β availability. The synergy between the two DC subsets promoted BCG-specific CD8 + T-cell stimulation and the role of BCGinfected BDCA-1 + mDCs could not be efficiently replaced by infected BDCA-3 + mDCs in the crosstalk with pDCs. We conclude that mDC-pDC crosstalk should be exploited for rational design of next-generation TB vaccines.
Introduction
Tuberculosis (TB) is a global health threat caused by the intracellular bacterial pathogen Mycobacterium tuberculosis (Mtb) [1] . TB is mainly transmitted by the inhalation of aerosol droplets with inadequate T-cell stimulation, including partial activation of CD4 + T-cell subsets and scanty stimulation of CD8 + T cells [4] [5] [6] . DCs are characterized by their ability to sense pathogenand damage-associated molecular patterns, thereby instructing the innate and adaptive immune response [7] . As critical inducers of T-cell responses, understanding of DCs is salient for rational TB vaccine design. Both human and murine DCs constitute a heterogeneous population that can be segregated into two major subsets: myeloid (m)DCs and plasmacytoid (p)DCs [8, 9] . Among human mDC subsets, BDCA-1 + mDCs engulf bacteria and strongly respond to signals from surface-associated TLRs to bacterial ligands by producing proinflammatory cytokines, or IL-10 but not type I IFN [10, 11] . BDCA-3 + mDCs share numerous functions with mouse CD8α + DCs. They are specialized to present antigens from necrotic cells by virtue of exclusive expression of Clec9A [12] [13] [14] [15] [16] [17] . pDCs possess marginal phagocytic activity and do not respond to TLR2 ligands [18] but they produce abundant type I IFN in response to unmethylated CpG-containing DNA or ssRNA, which are sensed by intracellular TLR9 or TLR7, respectively [19] [20] [21] . pDCs are therefore placed in the centre of viral infection. On the other hand, pDCs have been identified in the skin of tuberculin-positive skin test induration [22] and in LNs of TB patients [23] and activation in response to extracellular bacteria has been shown [24] . Finally, despite their high plasticity, mDCs and pDCs display unique and complementary functions for efficacious T-cell stimulation in response to TLRs and pathogens [25] [26] [27] .
Most of the studies concerning the role of DCs in Mtb infection or BCG vaccination were performed using in vitro generated monocyte-derived DCs [28] [29] [30] [31] , which have recently been found to be the counterpart of monocyte-related inflammatory DCs [32] . However, little is known about the role of DCs in steady-state conditions.
To better understand the role of physiological human DC subsets in response to BCG vaccination, DCs were isolated ex vivo and infected with BCG. In an attempt to dissect the crosstalk between pDCs and mDCs, we demonstrate that pDCs, after activation through cognate interactions with BCG-infected BDCA-1 + mDCs, induced growth control of BCG and stimulation of BCGspecific CD8
+ T cells. This study provides evidence that human pDC-mDC crosstalk should be exploited for improved vaccination strategies against TB. Fig. 2A and data not shown) . Bystander activation of GFP − mDCs was observed but a minute number of colonies were found among GFP − mDCs (Supporting Information Fig. 2A and B) excluding that GFP − mDCs contained live bacteria. Few GFP + pDCs were detected after culture with rBCG (0.5% ± (0.2-3.3)) (Fig. 1C) indicating that pDCs failed to efficiently phagocytose live BCG by themselves. pDCs are known to cooperate with mDCs during infections [25] [26] [27] . Therefore we assessed whether pDCs could play a similar role in response to BCG. For this purpose, pDCs were added to infected or noninfected mDC cultures and the two subsets were discriminated as CD123 high/low CD11c − and CD123 low/− CD11c + , respectively (Fig. 1D) . We confirmed the authenticity of the two DC subsets by distinct gene expression transcripts of BDCA-2 (CLEC4C) and BDCA-1 (CD1c) after purification by sorting of CD123 high/low CD11c − and CD123 low/− CD11c + cells (Supporting Information Fig. 3A ). The percentage of GFP + pDCs increased almost fivefold in the presence of rBCG-infected mDCs (1.7% ± (0.4-9.2)) ( Fig. 1E , top) but corresponded to less than 10% of total cell numbers. Moreover, negligible mycobacterial colonies were observed in pDCs purified from mono-or co-cultures (Fig. 1F, top) . Thus, even in the presence of mDCs, pDCs did not harbor live bacteria. The number of GFP + mDCs (Fig. 1E , bottom) and the phenotype of mDCs were not influenced by pDCs ( Fig. 2A) . However, the bacterial growth among rBCGinfected mDCs was significantly reduced when pDCs were present (Fig. 1F, bottom) . Phenotypic maturation of pDCs was observed only in the presence of rBCG-infected mDCs but not after mere contact with rBCG ( Fig. 2B ) and required cell contact between the two DC subsets (Supporting Information Fig. 3B ).
Results
These data indicate that mDCs were activated by rBCG directly while pDC activation required rBCG-infected mDCs. Conversely, the presence of pDCs enhanced bacterial growth control in infected mDCs.
Higher abundance of IL-1β protein in the presence of pDCs
To understand how the presence of pDCs promotes bacterial growth control, we analyzed cytokines relevant to mycobacterial infection. Both subsets produced TNF-α and IL-6 (Fig. 3A-D and Supporting Information Fig. 4A and B) . Low levels of IL-10 ( Fig. 3E) but not IL-12 (data not show) were detected. IL-1β is associated with antimycobacterial functions and higher levels of IL-1β products were detected in infected co-cultures (Fig. 3F) . We confirmed that IL-1β expression was restricted to mDCs ( Fig. 3G ) and corresponded to the mature form (17 kDa) (Supporting Information Fig. 4C ). IL-1β gene transcripts were found both in GFP − cells and GFP + mDCs and their expression was not altered in presence of pDCs (Fig. 3H) . Blocking IL-1β increased susceptibility of mDCs to BCG suggesting a role for this cytokine in controlling bacterial growth ( Fig. 3I and Supporting Information Fig. 4D and E). Altogether these data indicate that the presence of pDCs promoted IL-1β release by mDCs thereby indirectly helping to contain bacterial growth. www.eji-journal.eu Figure 2 . Surface markers of BDCA-1 + mDCs and pDCs. Indicated markers of maturation and adhesion were determined on (A) mDCs and (B) pDCs by flow cytometry after exclusion of doublets and dead cells. MFI obtained after stimulation was normalized to the MFI of the corresponding uninfected monoculture (relative MFI). Box and whiskers plots show the mean, SD and interquartile range (Tukey), and data shown are representative of at least 20 (CD40, HLA-DR, CD123, and CD11c), 6 (CCR7, HLA-ABC, CD2, and CD54) and 3 (CD11a and CD18) independent experiments performed. *p < 0.05 **p < 0.01; ***p < 0.001 (Kruskall-Wallis test).
rBCG-infected mDCs activate GrB
(LFA-1) or in the presence of supernatants of rBCG-infected mDCs (<200 pg/mL GrB) (Supporting Information Fig. 5C and D). Inhibition of IL-10 did not affect GrB production (data not shown) excluding that, in this system, IL-10 plays a major role in GrB production. GrB + pDCs were CD123 hi CD4 + and expressed low level of CD2 and CD83 but not TRAIL, CD56, or FasL ( Fig. 4D and Supporting Information Fig. 5E ). Production of perforin and granulysin was absent (Fig. 4D) . pDCs maintained the ability to produce high amounts of IFN-α in response to synthetic CpG C (TLR9 agonist) or purified DNA from BCG or Mtb (Fig. 5A ). Yet, they did not produce IFN-α after culture with rBCG alone (Fig. 5B ) or in the presence of rBCG-infected DCs (Fig. 5C ). Blocking of the IFN-αβ receptor ( Fig. 5C ) and absence of IFNA1 and IFNB gene upregulation ( Fig. 5D ) confirm that IFN-α was not induced. We conclude that pDCs mainly produced GrB but not type I IFN or any of the described cytotoxic molecules after contact with rBCGinfected mDCs.
pDCs activated by rBCG-infected mDCs do not induce apoptosis of mDCs
Since pDCs are known to exert tumoricidal and suppressive functions [33] [34] [35] [36] [37] , we analyzed whether they induced apoptosis of mDCs thereby limiting BCG growth. While pDCs were able to kill K562 cells at 20:1 ratio (Effector:target = pDC:K562) and 24 h of contact (Supporting Information Fig. 6 ), the number of early and late apoptotic mDCs after infection was not affected by pDCs ( Fig. 6A and B) . We conclude that scant apoptosis of mDCs occurred apparently independently from direct cytotoxicity of GrB under these conditions. rBCG-infected BDCA-1 + mDCs activate pDCs more efficiently than rBCG-infected BDCA-3 + mDCs
We extended our study to the analysis of BDCA-3 + mDCs.
BDCA-3 + mDCs were also susceptible to rBCG infection ( Fig. 7A and B) albeit to a lower extent than BDCA-1 + mDCs. Lower amounts of IL-1β were detected in both infected mono-(65 ± (4-126) pg/mL, median ± (min-max)), and co-cultures ((64 ± (14-102) pg/mL) compared with that in BDCA-1 + mDCs (295 ± (105-1427 pg/mL). Moreover, rBCG-infected BDCA-3 + mDCs did not trigger GrB production by pDCs as efficiently as BDCA-1 + mDCs (Fig. 7C) 
BCG antigen-specific CD8 + T-cell stimulation is enhanced by pDC-mDC crosstalk
We finally determined how mDCs, pDCs, and pDC-mDC cocultures impact T-cell activation after BCG infection. To this end, we first analyzed priming of naïve CD4 + and CD8 + T cells by DCs.
Naïve T cells were purified (Supporting Information Fig. 7A ) and their expansion monitored in the presence of rBCG-infected or -uninfected autologous DCs by CFSE dilution (Supporting Information Fig. 7B ). Naïve CD4 + T-cell proliferation was not affected by the presence of pDCs (Fig. 8A ) while naïve CD8 + T cells proliferated more vigorously in response to rBCG-infected BDCA-1 + mDCs and pDCs (Fig. 8B) but not in response to rBCG-infected BDCA-3 + mDCs alone or in the presence of pDCs (Fig. 8C ). T-cell proliferation was not affected by blocking IL-1β with neutralizing Abs (Fig. 8D ) and required antigen recognition since it occurred in the presence of rBCG-infected but not with LPS-stimulated, mDCs (Fig. 8E ). Higher levels of IFN-γ were detected in the presence of pDCs (Fig. 8F ) and correlated with higher numbers of proliferating T cells (pDC-mDC co-cultures: r 2 = 0.97, p 0.0009 compared with mDC cultures: r 2 = 0.87, p 0.02) (Fig. 8G ).
To verify influence of pDCs on activated antigen-specific T cells, BCG-specific CD8 + T-cell lines were generated and restimulated with rBCG-infected mDCs alone or in the presence of pDCs. Because of restricted availabilities of DCs from fresh blood, we stimulated T cells using allogeneic DCs from matched HLA-A2 donors. The production of IFN-γ by some CD8 + T-cell lines increased when stimulated with rBCG-infected mDCs in the presence of pDCs compared to mDCs alone or pDC-mDC co-culture controls (Fig. 8H) . Subsequently, we used infected autologous DCs and confirmed that BCG-specific T-cell lines responded not only to BCG-infected DCs but also to DCs infected with the pathogen Mtb (Fig. 8I) . No response was detected after unrelated DC stimulation (Fig. 8I) . We conclude that the crosstalk between pDCs and mDCs promotes BCG-specific CD8 + T-cell activation.
Discussion
The role of human DC subsets in instructing vaccine-induced immunity remains insufficiently understood. We approached this conundrum by dissecting the activation of ex vivo isolated pDCs and mDCs in response to BCG, the current TB vaccine. We found that BDCA-1 + mDCs, but not pDCs, readily phagocytosed rBCG. 
chemokine receptor CCR7. The communication between pDCs and mDCs improved control of bacterial growth and enhanced BCGspecific CD8
+ T-cell responses. In stark contrast to virus infections [38] , activation of pDCs by rBCG-infected mDCs caused prompt secretion of GrB in absence of type I IFN. Human pDCs have been shown to acquire cytotoxic activity and to produce GrB [34] [35] [36] [37] 39] . GrB is traditionally viewed as proapoptotic protease of NK or CD8 + T cells that acts on target cells by perforin-dependent and -independent mechanisms [40] . However, recent evidence suggests that cytotoxic functions of pDCs are primarily mediated by type I IFN in a TRAILdependent fashion [35, 41] and require cell contact [36] . In line with these data, in our system we did not detect TRAIL or IFN-α production and pDCs apparently did not directly kill mDCs. This could be explained by the low mDC-pDC ratio used since pDCs could kill K562 cells at higher effector-target ratios. It is possible that this tumor cell line is more susceptible to killing by pDCs than by mDCs. Similarly, we did not detect suppression of naïve T-cell proliferation. Cytotoxic functions of pDCs could be more pronounced against allogeneic T cells as shown by other studies [37] than in an autologous system as used here. Granzymes induce proinflammatory cytokine responses [42] [43] [44] and extracellular proteolytic activity of granzymes through the RGD domain (Arg-Gly-Asp) has been described [40, 43] . Because we observed higher abundance of IL-1β in infected mDC-pDC co-cultures, we speculate that GrB increased the proinflammatory response against BCG by cleaving target proteases (such as caspases associated with IL-1 activation). Caspase-1 expresses the RGD domain and hence could serve as potential target of GrB [45] . IL-1β signaling exacerbates TB susceptibility in mice [46, 47] and antimicrobial activity of IL-1β is associated with enhanced TNFR-mediated signaling and caspasedependent regulation of intracellular bacterial growth [48] . In line with this notion, our preliminary data suggested that IL-1β curtails + T-cell lines stimulated at indicated conditions. Data are shown as mean + SD of (H) 24 samples pooled from 5 independent experiments and (I) two samples pooled from one experiment. *p < 0.05, **p < 0.01, ****p < 0.0001 (Wilcoxon signed-rank test).
bacterial growth control by mDCs. TNF produced by both pDCs and mDCs could further amplify this pathway. We did not detect a substantial increase in the numbers of apoptotic cells in the presence of pDCs but apoptotic cells were present after infection. Thus we do not exclude that uninfected mDCs engulfed apoptotic cells as described for macrophages or in vitro generated DCs, during TB infection [49, 50] .
Cell contact is essential for pDC activation [26, 34] and we obtained evidence for participation of LFA-1 in the induction of GrB, at least during contact with BDCA-1 + mDCs. We exclude a major role for IL-10 presumably because higher concentrations of this cytokine are required for GrB production [37] . Compared with BDCA-1 + mDCs, BDCA-3 + mDCs were less susceptible to BCG infection, induced less GrB-pDC activation and produced lower level of IL-1β. These findings emphasize the notion that activation of pDCs required unique cell-cell signals related to differential expression of bacterial recognition receptors of BDCA-1 + and BDCA-3 + mDCs.
We finally determined the impact of pDCs on T-cell activation. Type I IFNs released by pDCs activate mDCs, thereby modulating CD4
+ T-cell response and promoting activation of CD8 + T cells [51] [52] [53] [54] . Cross-talk between monocyte-derived DCs and neutrophils has been shown [55] . Here, we propose an immunological crosstalk between mDC and pDC subsets in response to BCG, by which pDCs enhance antigen-specific CD8 + T-cell responses and priming of naïve CD8 + T cells in the absence of IFN-α. Despite some variability in naïve CD8 + T-cell responses and donor heterogeneity, the priming of naïve CD8 + T cells was consistently more efficient after contact of pDCs with BDCA-1 + mDCs than with BDCA-3 + mDCs and was antigen dependent. Our finding does not exclude effects of maturation state, tissue localization, and route of antigen delivery on cross-presentation efficacy of pDC and mDC subsets [56] [57] [58] and we do not exclude that DC populations in tissues or LNs can activate pDCs in vivo and better cross-present BCG antigens. Although BCG vaccination prevents severe childhood TB, it fails to control the most prevalent form, pulmonary TB in all age groups [59] . It is generally assumed that the failure of BCG to protect against pulmonary TB involves insufficient stimulation of CD8 + T cells and restricted duration of immunologic memory
[60]. This could be due to an inadequate state of activation of DC subsets and evasion mechanisms exploited by BCG. In addition, continued persistence of BCG organisms after vaccination could induce anergy or exhaustion of T cells. Since the number of pDCs in healthy skin is minute [61], the success of intradermally applied BCG likely depends on spatiotemporal regulatory events. Contact with infected mDCs led pDCs to potentially home to LNs as suggested by CCR7 upregulation, to prime naïve CD8 + T cells in cooperation with mDCs. In addition, pDCs favored accessibility to IL-1β and faster bacterial control. We propose that coordinated activation and recruitment of pDCs in response to BCG vaccination exerts an intrinsic adjuvant function. Thus, means to enhance the antigen-presenting properties of the human DC system involving the pDC-mDC crosstalk should be exploited for future vaccination strategies against TB. 
Materials and methods

Ethics statement
Experiments
Cell isolations
DCs were isolated from buffy coats obtained from the German Red Cross blood bank (DRK-Blutspendedienst Ost) by FicollHypaque gradient (Biochrom), as described previously [11] . Briefly, DCs were enriched from PBMCs by MACS separation using BDCA-1-FITC, BDCA-4-PE, and BDCA-3-allophycocyanin followed by incubation with FITC-, PE-, and allophycocyanin beads. The positive fraction was stained with lineage markers (lin) (α-CD3, α-CD19, α-CD20, α-CD56, α-CD14), and α-HLA-DR and DCs were further purified by cell sorting according to the following staining: pDCs (lin − HLA- 
Cell culture conditions
Cultures were performed using complete RPMI media 1640 (Life Technologies) in the presence of 5% human serum (Lonza) without antibiotics.
DCs were infected for 2 h using BCG (Danish strain) expressing GFP [referred to as recombinant (r)BCG] [62] at an MOI of 10 unless otherwise indicated. External bacteria were removed by extensive washing. In co-culture conditions, unstimulated pDCs were added to rBCG-infected mDC cultures at a 1:1 ratio. Contact was blocked using 96-well plates with a Transwell system (Corning). Blocking αh-CD11a/CD18 (Biolegend) or αh-IFN-αβR antibodies (5 μg/mL) (R&D Systems) were added to pDCs while αh-IL-1β (10 ng/mL) (R&D Systems) were added to rBCG-infected mDCs 2 h before co-culture. TLR4 or TLR9 were activated using 100 ng/mL ultra pure Escherichia colipurified LPS (Invivogen) or 10 μg/mL type C CpG (ODN 2395, Invivogen), respectively. Genomic DNA from exponentially grown heat-killed mycobacteria (BCG and Mtb) was extracted using phenol/chloroform, purified by two consecutive ethanol precipitations and dissolved in water. Purity was confirmed by a nanodrop spectrophotometer (Thermo Scientific). For inhibition assays, mDCs were treated with 5 μg/mL Cytochalasin D (Sigma), 1 h before infection with rBCG and maintained over time.
Flow cytometric analysis
After stimulation, cells were labeled with α-hCD123 and α-hCD11c antibodies that allow distinction between pDCs (CD123 high/low CD11c − ) and mDCs (CD123 low/− CD11c + ). The maturation of DCs was analyzed by surface staining using α-hCD40, CCR7, HLA-DR, and HLA-ABC. To detect adhesion molecules, α-hCD2, CD54 (ICAM-1), CD18, and CD11a were used. To compare the values of different experiments, the MFI after stimulation was normalized to the MFI of the corresponding unstimulated monoculture (relative MFI). Apoptotic cells were detected as Annexin V + PI − (early apoptotic cells) or Annexin V + PI + (late apoptotic cells). Intracellular GrB was measured after fixation (2% paraformaldehyde) and permeabilization (0.5% saponin-PBS) of cells. Naïve CD4 + and CD8 + T cells were labeled with CFSE according to manufacturer's instructions (Molecular Probes) and proliferation analyzed after 7 days of culture with autologous DCs. CFSE-labeled K562 cells were used for the cytotoxic assay. Analysis was performed using FlowJo (TreeStar).
Bacterial cell growth assay
Cells from mono-or co-cultures were harvested and triplicates of 100 cells were purified by sorting according to pDC (CD123 high/low CD11c − ) and rBCG-infected mDC (GFP + CD123 low/− CD11c + ) markers. Cells were lysed with 100 μL of 0.1% Triton-X100 in PBS and plated on Middlebrook 7H11 agar.
Plates were incubated at 37
• C and CFUs were counted after 4 weeks. 
Generation of BCG-specific T-cell lines and T-cell assays
CD8
RT-PCR
Gene expression levels were analyzed using the 48. 
Statistical analysis
We performed statistical analysis using Graph Pad Prism 5 Software. Each sample corresponds to a different donor and the number is reported in brackets. Group data were tested for normal distribution (Shapiro-Wilk normality test). Data in more than two groups were analyzed with analysis of variance (ANOVA) followed by a Bonferroni correction for multiple testing. Lines and error bars represent mean ± SD.
